The data sets, model parameterizations, and results from the five NGA models for shallow crustal earthquakes in active tectonic regions are compared. A key difference in the data sets is the inclusion or exclusion of aftershocks. A comparison of the median spectral values for strike-slip earthquakes shows that they are within a factor of 1.5 for magnitudes between 6.0 and 7.0 for distances less than 100 km. The differences increase to a factor of 2 for M5 and M8 earthquakes, for buried ruptures, and for distances greater than 100 km. For soil sites, the differences in the modeling of soil/sediment depth effects increase the range in the median long-period spectral values for M7 strike-slip earthquakes to a factor of 3. The five models have similar standard deviations for M6.5-M7.5 earthquakes for rock sites and for soil sites at distances greater than 50 km. Differences in the standard deviations of up to 0.2 natural log units for moderate magnitudes at all distances and for large magnitudes at short distances result from the treatment of the magnitude dependence and the effects of nonlinear site response on the standard deviation.
INTRODUCTION
As part of the NGA project, five groups developed new ground-motion models for application to the shallow crustal earthquakes in the Western United States (WUS). The models are described in five accompanying papers: Abrahamson and Silva, 2008 (AS08) ; Boore and Atkinson, 2008 (BA08) ; Campbell and Bozorgnia, 2008 (CB08) ; Chiou and Youngs, 2008 (CY08); and Idriss, 2008 (I08) . In this paper, we compare the data sets, model parameterizations, use of analytical model constrains, and the resulting ground motions (median and aleatory variability) from the five NGA models. The ob-jective of this paper is to compare the five NGA models and provide some explanations for the causes of the differences, but not to evaluate the strengths and weaknesses of the different models.
DATA SET SELECTION
Although the NGA developers all started with the same data base of 3551 recordings from 173 earthquakes, the selected data sets used to develop the models have significant differences. The number of selected earthquakes and recordings are summarized in Table  1 . A key difference in the data sets is the treatment of aftershocks. The AS08 and CY08 data sets include aftershocks, resulting in a much larger number of earthquakes than the BA08 and CB08 sets. The I08 data set includes aftershocks, but is has the smallest number of recordings because it only includes rock sites ͑450 m / s Ͻ V S30 Ͻ 900 m / s͒. The earthquakes selected by each developer team and the number of recordings for each earthquake is listed in Table 2 .
An important issue in the selection of the earthquakes was the applicability of the well-recorded large-magnitude earthquakes from outside of the WUS (1999 Chi-Chi and 1999 Kocaeli) to the prediction of ground motions in the WUS. All of the developers considered both the Chi-Chi and Kocaeli data to be applicable to the WUS. Furthermore, comparisons of the NGA models with Eurpoean data have shown that the NGA models are applicable to Europe (Campbell and Bozorgnia 2006 and Stafford et al. 2007 ), suggesting that the NGA models are globally applicable to shallow crustal earthquakes in active tectonic regions.
MODEL FUNCTIONAL FORMS
The main features of the functional forms of the five NGA models are summarized in Table 3 . Saturation at short distances is a feature of ground motion models that leads to weaker magnitude scaling at short distances than compared to the magnitude scaling at larger distances. Saturation causes a pinching of the ground motion for different magnitudes at short distance. This is not the same as including a quadratic magnitude scaling that applies at all distances. In ground motion studies, a model is said to have "full saturation" if there is no magnitude scaling of the median ground motion at zero distance. A model is said to have over-saturation if the median ground motion decreases with increasing magnitude at zero distance. All of the NGA models include some form of saturation of the short-period ground motion at short distances through either a magnitudedependent distance slope (AS08, BA08, CB08, I08) or a magnitude-dependent fictitious 
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depth (CY08). In several cases, the selected data sets would have lead to over-saturation of the short-period ground motion at short distances if the regression was unconstrained, but none of the developers allowed over-saturation in their models.
The five models all include a style-of-faulting factor, but the grouping of the normal/ oblique slip events with either normal or strike-slip events is different (Table 4 ). Three models (AS08, CB08, and CY08) include rupture-depth and hanging-wall (HW) factors. The BA08 model implicitly includes these effects through the use of R JB as the primary distance measure. The I08 model does not include either of these effects.
There is a correlation between the style-of-faulting effect and the rupture-depth effect because, in the NGA data base, a greater fraction of reverse earthquakes are buried ruptures as compared to strike-slip earthquakes. For the three models that include the rupture-depth parameter, much of the style-of-faulting effect given in previous models is accommodated by the rupture-depth effect.
Four of the five models are applicable to soil sites as well as rock sites; the I08 model is only applicable for rock sites. All four models applicable to soil sites include nonlinear site amplification factors. Three models (AS08, BA08, and CB08) constrained the nonlinear part of the amplification using either analytical model results or other published nonlinear amplification factors. In contrast, the CY08 model derived the nonlinear amplification directly from the NGA data as part of the regression.
The soil/sediment depth information is missing for most of the recording sites in the NGA data set, causing difficulties in developing models for this effect. Three models (AS08, CB08, and CY08) included the soil/sediment depth effects and one model (BA08) did not include soil/sediment depth effects. The AS08 model constrained the shallow soil/sediment depth scaling using analytical results from 1-D site amplification and constrained the deep soil/sediment depth scaling using analytical results from 3-D basin amplification. The CY08 models estimated the soil/sediment depth scaling from the NGA data with available soil/sediment depths. The CB08 model constrained the soil/ sediment depth scaling using the results from the 3-D simulations with additional empirical adjustments at short periods and shallow soil/sediment depths.
There are two main differences in the forms of the standard deviation models: magnitude dependence and nonlinear site response effects. Three of the models (AS08, CY08, and I08) have magnitude-dependent standard deviations and two models (BA08, and CB08) have magnitude-independent standard deviations. Of the four models applicable to soil sites, three models (AS08, CB08, and CY08) include some or all of the effects of nonlinear site amplification effects on the standard deviation. The fourth model, BA08, does not consider the effects of nonlinear amplification on the standard deviation. The I08 model does not address this issue since it is only for rock sites.
MODEL PARAMETERS
The model parameters used by each developer are summarized in Table 5 . The I08 model, which is only for rock sites, has the simplest parameterization: magnitude, distance, and style-of-faulting. The BA08 model has the next simplest parameterization; in addition to magnitude, distance, and style-of-faulting, it has the added parameters of V S30 and input rock motion to model nonlinear site response. The AS08, CB08, and CY08 models have the most complex parameterizations. These models include additional parameters as part of the models for HW effects, rupture-depth effects, and soil/ sediment depth effects.
All five models are based on moment magnitude and all five models include a styleof-faulting factors, but the I08 model does not distinguish between strike-slip and normal earthquakes. For the three models that include rupture-depth effects (AS08, CB08, and CY08), the rupture depth is parameterized by the depth to the top of the rupture. Of the three models that included aftershocks (AS08, CY08, and I08), the AS08 and CY08 models account for differences between the median ground motion for aftershocks and mainshocks, with aftershocks having smaller ground motions than mainshocks.
There are two different primary distance measures used. The BA08 model uses the closest horizontal distance to the surface projection of the rupture plane, R JB . The other four models use the closest distance to the rupture plane, R rup . For the HW effect, the AS08, CB08, and CY08 models use additional distance metrics to smooth the HW factor. All three models use the R JB distance in the HW scaling. The AS08 and CY08 models also use a third distance metric, R x , as part of the HW scaling. The R x distance is defined as the horizontal distance from the top edge of the rupture, measured perpendicular to the fault strike (R x is positive over the hanging wall and negative over the footwall).
All of the models except for I08 use the average shear-wave velocity in the top 30 m, V S30 , as the primary site parameter. All four models that include site effects incorporate nonlinear site response. Two different measures for the strength of the shaking are used for the nonlinear site response effects: AS08, BA08, and CB08 use the median peak acceleration on a rock outcrop; CY08 use the median spectral acceleration on a rock out-crop at the period of interest. The BA08 model defines the input rock motion based on V S30 = 760 m / s whereas the other three models use a V S30 of about 1100 m / s. Three models include the soil depth as an additional site parameter: AS08 and CY08 use the depth to V S = 1.0 km/ s and CB08 use the depth the V S = 2.5 km/ s.
COMPARISON OF THE MEDIAN VALUES
The NGA models use different source parameters and distance measures. Some of the models include the depth to top of rupture as a source parameter. To compare with the NGA models that do not include this parameter, the median depth-to-top-of-rupture from the NGA data base was used: 6 km for M = 5.0, 3 km for M=6, 1 km for M=7, and 0 km for M = 8.0. To address the different distance measures used by the NGA models, the ground motions were computed for specified source-site geometries.
There is also an issue of the soil/sediment depth to be used for the comparisons. The AS08 and CY08 models both give recommended values of Z 1.0 to be used if the soil/ sediment depth is not known. The relations for the median Z 1.0 for a given V S30 are not consistent between these two models. For the general comparisons, the recommended median Z 1.0 values are used for each model. For the CB08 model, which uses Z 2.5 as the soil/sediment depth parameter, the recommendation is to estimate Z 2.5 from the Z 1.0 . For the comparisons, the Z 2.5 are estimated using the AS08 estimates of Z 1.0 .
DISTANCE SCALING
The distance scaling for the median ground motion for vertical strike-slip faults and a rock site condition (V S30 = 760 m / s, Z 1.0 = 0.034 km for AS08, Z 1.0 = 0.024 km for CY08, Z 2.5 = 0.64 km) is compared in Figures 1a and 1b for peak acceleration and T = 1 sec spectral acceleration, respectively. For M6 and M7 earthquakes, the five NGA models lead to similar ground motions (within a range of a factor of 1.5). At M5 and M8, the differences between the NGA models become larger (up to a factor of 2) due to the sparse amount strong motion data from M5 and M8 earthquakes.
The large range of the M5 models is due to the selection of the sparse strong motion data from M5 earthquakes. A large set of M5 data is available from broadband network stations, but the compilation of data from moderate magnitude (M5) earthquakes was not emphasized in the NGA project because these earthquakes are generally not of engineering interest in California. The range of the ground motion models for M5 could be greatly reduced with the compilation of the available M5 ground motion recordings.
The distance scaling for soil sites is shown in Figures 2a and 2b for PGA and T = 1 sec spectral acceleration, respectively. The range of the soil-site ground motions for the four NGA models applicable to soil sites are similar to the range of ground motions seen for rock sites. 
MAGNITUDE SCALING
The magnitude scaling of the median ground motion is compared in Figure 3 for an R JB distance of 30 km and a rock site condition. Overall, the magnitude scaling for the five NGA models are very similar. For short spectral periods, the median ground motions are within a factor of 1.5. At long periods, the range increases to a factor of 2 at M5 and M8.
DEPTH OF RUPTURE SCALING
The depth-to-top-of-rupture scaling of the median ground motions is compared in Figure 4 for M6 earthquakes at a R JB distance of 10 km for both strike-slip and reverse earthquakes. For the BA08 model, there is no dependence on depth since the model uses R JB as the distance measure. For the I08 model, there is a systematic decrease in the median ground motion with increasing depth because this model does not include a depth factor and uses R rup as the distance measure. The AS08 and CY08 models include a rupture depth dependence for both strike-slip and reverse earthquakes with the buried ruptures leading to stronger shaking than surface ruptures at the same distance. As a result of this depth scaling, these two models show an increase in the median ground motion as the rupture depth increases: the CY08 model has a smooth increase from 0 to 7 km depth and then becomes almost constant, similar to the R JB scaling; the AS08 model has a strong scaling with depth with a limit on the depth scaling of 10 km. This causes the AS08 model to have a peak in the scaling at a depth of 10 km. The CB08 model includes a rupture depth effect for reverse earthquakes only for depth greater than 1 km. As a result, the CB08 model shows a systematic decrease in the PGA with increasing depth for strike-slip earthquakes, but there is an increase from surface rupture (depth 0) to 1 km depth (buried rupture) for reverse earthquakes, followed by a smooth decrease.
The range of median ground motions due to the rupture depth scaling is up to a factor of 2. The rupture depth scaling is a new feature of the NGA models. The range can be reduced with the inclusion of additional moderate magnitude (M5-M6) earthquakes to better constrain the rupture-depth scaling.
V S30 SCALING
The V S30 scaling of the median ground motion is shown in Figures 5a and 5b for M7 strike-slip earthquakes at rupture distances of 100 and 10 km, respectively. For the 100 km distance case, the site response is nearly linear and the four models all show similar ln͑V S30 ͒ slopes. There are two limits to the V S30 scaling. First, there is a limit beyond which the amplification is constant. For the AS08 model this limit is period dependent limit whereas the limit is period independent ͑1100 m / s͒ for the CB08 and CY08 models. For the BA08 model, this limit is not included as part of the model. The 
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second limit is the maximum V S30 for which the models are applicable. The largest V S30 values recommended by the developers are 1300 m / s for BA08, 1500 m / s for CB08 and CY08, and 2000 m / s for AS08.
For the 10 km case, there are strong nonlinear effects on the amplification. There is little scaling with V S30 for the short periods due to the nonlinear effects. For T = 3 sec, the site response is approximately linear and the scaling with V S30 is similar to the scaling for the 100 km case.
HANGING-WALL SCALING
The hanging-wall scaling is compared in Figure 6 for reverse and normal M6.7 earthquakes with surface rupture and with buried rupture. For this example, the top of rupture for the buried case is at a depth of 6 km, consistent with the 1994 Northridge earthquake. The AS08, CB08, and CY08 models include explicit HW effects. The BA08 model implicitly includes HW effects through the use of the R JB distance metric which leads to a constant ground motion for sites located over the rupture plane ͑R JB =0͒. The I08 model does not include HW effects so this model attenuates smoothly as a function of the rupture distance. The buried rupture case leads to the largest differences in the models with a range of a factor of 2.5 in the median ground motions for sites over the HW. The CY08 model has the strongest HW scaling for surface rupture and the AS08 model has the strongest HW scaling for buried ruptures.
RESPONSE SPECTRA
The median response spectra for M=5, 6, 7, and 8 for strike-slip earthquakes for rock site conditions are compared in Figure 7 . For M6-M7, the spectral for the five models are similar (within a factor of 1.5). At M5 and M8, the range increases to a factor of 2. The soil/sediment depth scaling for M7 strike-slip earthquakes at a distance of 10 km is compared in Figure 8 . For an average soil/sediment depth (Z 1.0 = 0.50 km, Z 2.5 = 2.3 km), the four models have very similar spectra (within a factor of 1.3). Three of the models include the effects of soil/sediment depth (the BA08 model does not include soil/sediment depth effects). For shallow soil/sediment depths (Z 1.0 = 0.1 km, Z 2.5 = 0.9 km), the AS08 model has a large reduction in the long-period ground motion, but the other two models do not have an effect on the long-period ground motion for shallow soil/sediment sites. The AS08 shallow soil/sediment scaling is stronger due to the use of 1-D analytical site response results to constrain the model. For the deep soil/ sediment sites (Z 1.0 = 1.2 km, Z 2.5 = 4.8 km), the three models (AS08, CB08, and CY08) all show a large increase in the long-period motion as compared to the BA08 model that does not include soil/sediment depth scaling. At T = 10 sec period, the AS08 and CB08 models show the strongest scaling due to the use of the 3-D analytical basin response results to constrain their models. At short periods, the CB08 and CY08 models show an increase for deep soil/sediment sites based on fitting the scaling seen in the NGA data that have soil/sediment depth estimates. 
COMPARISON OF THE STANDARD DEVIATIONS
The period dependence of the standard deviation for M=5 and M=7 earthquakes is compared in Figure 9 . For M=7, the five models have similar standard deviations. For M=5, there is a large difference with the three magnitude-dependent models showing much larger standard deviations. The magnitude dependence of the standard deviation is compared in Figure 10 for PGA and T=1 sec. The three models that included a magnitude-dependent standard deviation all included aftershocks, whereas the two models that used a magnitude-independent standard deviation excluded aftershocks. Including aftershocks greatly increases the number of small magnitude earthquakes and the aftershocks show larger variability than the large-magnitude mainshocks.
All four models applicable to soil sites included nonlinear effects on the median site amplification, but they address the impacts on the standard deviation differently. The AS08 and CY08 models include the impacts on both the intra-event and interevent standard deviations. The CB08 model includes the impact on the intra-event standard deviation, but excludes the impact on the interevent standard deviation. The BA08 models does not include the effect on either the intra-event or interevent standard deviations. When the nonlinear effects are included, the standard deviations for the short-period ground motions are reduced. The distance dependence of the standard deviation is shown in Figure 11 for M7 strike-slip earthquakes for PGA and spectral acceleration at T = 1 sec. At short distances, the nonlinear effects lead to a reduction of 0.10 to 0.15 natural log units. 
